Three-Dimensional Structure of the Native Spliceosome by Cryo-Electron Microscopy between five major uridine-rich small nuclear RNP complexes (U1, U2, U4, U5, and U6 snRNPs), as well as a number of non-snRNP splicing factors, which are dynamically recruited to the spliceosome when an exogenous pre-mRNA is added to a crude nuclear extract. osome also with respect to sedimentation coefficient Numerous studies in vitro have shown that the assem-(60S-70S), dimensions, and composition. These subbly of the spliceosome into a 60S ribonucleoprotein complexes were shown to contain the five spliceosomal (RNP) particle occurs in a stepwise manner (Brow, 2002). U snRNAs (unpublished data). Moreover, these subcomThis process involves an intricate series of interactions plexes are able to restore splicing activity to a micrococcal nuclease treated nuclear extract (see Supplemental Figure S1 at http://www.structure.org/cgi/content/full/ 
15/5/833/DC1). Therefore, they are referred to hereafter as native spliceosomes.
Supraspliceosomes are routinely isolated from mammalian cells, using a protocol mild enough to guarantee the preservation of the structure of native complexes present in the cell (Spann et al., 1989; Sperling et al., 1985) . Three-dimensional (3D) image reconstruction of isolated supraspliceosomes by automated electron tomography of negatively stained (Sperling et al., 1997) and of frozen hydrated (Medalia et al., 2002) complexes, revealed a structure whose dimensions are 50 ϫ 50 ϫ 35 nm. These studies also showed that the four native calculate the resolution of the 3D reconstruction giving The structure reveals an elongated globular particle values of 20 Å for the 3 threshold criteria, and 22 Å for composed of two distinct subunits. The two subunits the 0.5 threshold criteria. are interconnected to each other leaving a tunnel in between, which is a suitable candidate to accommodate the pre-mRNA.
Architecture of the Native Spliceosome The reconstructed native spliceosome presents an elongated globular structure (Figure 3) , with the longest diResults mension (termed central axis) of 28 nm ( Figure 3A ). Notably, an internal division of the whole structure of the Isolation and Purification of Native Spliceosomes To obtain free native spliceosomes, we took advantage native spliceosome is visible in Figures 3D and 3F , revealing two distinct globular bodies, interconnected by of the high occurrence in introns of sequences that conform to the 5Ј splice site consensus but are not used for a net of bridges that create the surface of interaction between these two bodies. Figure  3F , "S") are 11 nm along the central axis and 21 ϫ 17 consensus 5Ј splice site sequence, and subjected them to RNase H digestion. The resulting complexes were nm perpendicular to this axis. It is clear from the reconstruction that the native purified by centrifugation in a 10%-45% glycerol gradient. Native spliceosomes sedimented at the 60S-70S spliceosome has no global symmetry. Yet, it is possible to find elements that could indicate certain degree of region of the glycerol gradient, and aliquots from these fractions were taken for electron microscopy (EM).
local symmetry, such as protuberant bodies that appear similar and can be found more than once inside the To study the native spliceosomes in their natural aqueous environment, we used cryo-EM. In order to obtain particle ( Figure 3E and 3F, red circles). The reconstruction also reveals that the contacts between the two subthe relatively high concentration of particles, which is advantageous for single-particle reconstruction, we units of the native spliceosome are achieved mostly through a group of thin necks or a net of bridges ( picture by demonstrating that the high-density distribution is split into two regions. Figure 4D shows that they are interconnected, which is in good agreement with the fact that the spliceosomal U snRNAs are involved in several base-pairing interactions with each other to make the spliceosome functional (Brow, 2002). Moreover, it can be estimated that the U snRNAs occupy 4% of the total volume of the native spliceosome. Accordingly, Figure 4D shows that high-threshold rendering (red surface) that encloses the densest 4% of the total volume is entirely located within the large subunit of the native spliceosome. Thus, the high-density distribution suggests an internal organization where all the stable RNA components-the five spliceosomal U snRNAs-of the native spliceosome are placed in the large subunit.
Discussion
Bridges, a Cavity, and a Tunnel in Native Spliceosomes This study presents the 3D structure of the native spliceosome at a resolution of 20 Å , which is the highest resolution available to date for spliceosomes derived from living cells in an intact form. The structure reveals new features of the native spliceosome, including a cavity, a tunnel, and bridges that connect between two distinct subunits. The cavity inside the native spliceosome could provide a place to transiently store the pre-mRNA. As the number of bases that are involved in the splicing reaction represents only a small fraction of the entire labile pre-mRNA, the cavity might protect the part that is not directly involved in the splicing reaction from nonspecific degradation. The net of bridges provides a way by which the two subunits can interact at different places and, at the same time, keep the actual contact interaction to a minimum. This dual characteristic may confer stability to the whole particle and also may allow a certain degree of elasticity between the two subunits. In that case, it is possible to propose a model in which, under certain circumstances, the cavity closes up providing differential protection to the pre-mRNA to allow its continual processing.
The structure of the native spliceosome is made up of two distinct subunits connected to each other, leaving a tunnel in between. The diameter of this tunnel is variable, but at the narrowest region it reaches 15 Å , which is large enough for the RNA in an extended conformation 
